Abstract Apolipoprotein E (apoE) is associated with aging and some age-related diseases. The majority of apoE is produced by hepatocytes for the receptormediated uptake of lipoproteins. Here, the effects of age on the hepatic expression and distribution of apoE and its receptors were determined using immunofluorescence, Western blots, and quantitative PCR in rat liver tissue and isolated hepatocytes. The expression of apoE mRNA and protein was not influenced significantly by aging. Immunofluorescence studies in isolated hepatocytes showed that apoE was more likely to be co-localized with early endosomes, golgi, and microtubules in isolated old hepatocytes. The mRNA expression of the receptor involved in sequestration of apoE, heparan sulfate proteoglycan was reduced in old age, without any significant effect on the expression of either the low-density lipoprotein receptor or low density-lipoprotein receptor-related protein. Old age is associated with changes in hepatic apoE intracellular trafficking and heparan sulfate proteoglycan expression that might contribute to age-related disease.
heparan sulfate proteoglycan (HSPG; Cooper 1997; Yu and Cooper 2001) . Most apoE is then re-cycled by secretion into the space of Disse where it is available once more for binding to remnant lipoproteins (Heeren et al. 2001; Ji et al. 1994; Zhu et al. 2005) .
ApoE alleles (ε2, ε3, ε4) are linked with agerelated diseases such as Alzheimer's disease and cardiovascular disease and contribute to the genetic component of longevity (Ang et al. 2008; Jellinger 2002; Smith 2002) . The relationship between the concentration of circulating apoE levels with old age and age-related disease has not been fully established, partly because of the confounding effects of genotype, BMI, diet, alcohol, disease, and medications on levels (Braeckman et al. 1998; Sakurabayashi et al. 2001) . ApoE concentration increases into middle age, possibly declines in older age (Braeckman et al. 1998; Sakurabayashi et al. 2001 ) and is associated with dementia and cardiovascular disease, although less influential than the apoE genotype (Siest et al. 2000) .
Although apoE is produced primarily by the liver and is associated with aging and age-related disease, little is known about the effects of aging on hepatic apoE. We found that old age is associated with altered distribution of apoE in human and baboon livers. Although overall expression was not increased, there was more cytoplasmic staining and reduced perisinusoidal staining, suggestive of altered trafficking of apoE in hepatocytes (Hilmer et al. 2004) . Gee et al. (2005) found increased hepatic protein and mRNA expression of apoE in livers of old rats, whereas Tollet-Egnell et al. (2001) found no age-related changes using microarray. To further study hepatic apoE and aging, here we investigated the hepatic expression of apoE and its major receptors, then determined whether there are any age-related changes in the intracellular trafficking of apoE.
Methods

Materials
The following antibodies were used: goat anti-apoE polyclonal antibody, anti-mouse immunoglobulin F (ab)2 fragment FITC conjugated raised in sheep (Chemicon, Australia), rabbit anti-human apoE, polyclonal goat anti-rabbit immunoglobulin HRP, rabbit polyclonal antibody to human apoE, goat antidonkey conjugated-HRP DAPI, affinity-purified rabbit polyclonal anti-goat IgG-peroxidase conjugate (DakoCytomation, Australia), purified human apoE (Biodesign, Australia), mouse monoclonal anti-apoE, anti-EEA1, anti-GM130 (BD Biosciences, Australia), anti-tubulin, Alexa fluorophore 594, Alexa fluorophore 488, Alexa fluorophore 555 (Molecular Probes, Australia). All other reagents were purchased from Sigma-Aldrich (Australia) unless otherwise stated. Isolated hepatocytes were plated onto coverslips coated with rat-tail collagen and cultured for 36 hr prior to experiments. Viability was assessed by ATP content of cells (determined using a bioluminescent luciferase assay, PerkinElmer, Australia) and mitochondrial activity (determined using 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide, Molecular Probes, Invitrogen, Australia). Cells were examined for morphological changes by phasecontrast microscopy using a Zeiss Axiovert 200 microscope.
Immunofluorescence and co-localization studies of native apoE Primary hepatocytes were fixed with 4% paraformaldehyde and permeabilized with 0.001% Triton-X 100. Cells were incubated with goat anti-human apoE primary antibody followed by incubation with Alexa fluorophore 561-conjugated anti-goat secondary antibody. In control experiments, fluorescence was shown to be negligible in the absence of primary antibody. Co-localization studies were done with mouse antihuman EEA1, mouse anti-human GM130 Golgi, mouse anti-tubulin. Cells were incubated with the appropriate fluorophore-conjugated secondary antibody; Alexa fluorophore 488-conjugated anti-mouse IgG, Alexa fluorophore 555-conjugated anti-mouse IgG, Alexa fluorophore 561-conjugated anti-mouse IgG, and DAPI. Single Z-stack images were collected by confocal microscopy using a ×100 oil immersion lens on a Nikon C1 confocal microscope attached to a Nikon TE2000 inverted microscope. Images were analyzed using the Nikon C1 Confocal Viewer program, EZ-C1 version 3.0 (Nikon Corporation, USA). Each conclusion with regards distribution was determined from a group of six rats. At least six slides per liver isolation were studied, and more than six representative cells per slide were examined. Therefore, each conclusion is based on observations at least 216 cells.
Quantitative real-time PCR Cells were lysed and total RNA extracted. First-strand cDNA was generated via reverse transcriptase by Oligo- Fig. 2 Light microscopic appearance of hepatocytes isolated from young (a) and old (b) rats. In old rats, larger and multinucleate hepatocytes were often apparent. ×10 magnification Fig. 3 Immunofluorescence studies of apoE and early endosomes in hepatocytes isolated from young (a,b) and old (c,d) rats. ApoE staining is red, early endosomes are green, and co-localization is shown with yellow. Co-localization shown by yellow is more frequent in cells from old livers dT priming (Invitrogen, Australia). Primers were designed by Proligo (Lismore, Australia, Table 1 ). Quantitative reverse transcriptase polymerase chain reaction was performed using IQ SYBR Green Supermix and iCycler (Biorad, Australia). Confirmation of a single gene product was carried out through generation of a dissociation curve following each qPCR cycle. A cycle threshold value (C T ) was determined using the iCycler software and quantification of gene products, normalized to the expression of the ribosomal β-actin housekeeping gene, was determined using the comparative Ct (ΔΔCt) method (Pfaffl 2001 ).
Measurement of apoE protein
Tissue lysate was mixed with sample buffer containing 10 mM dithiothreitol, heated to 100°C for 5 min, and separated by SDS-PAGE (12.5% polyacrylamide reducing gel). After transfer onto 0.45 µm nitrocellulose membrane (1 h at 70 V; Amersham Biosciences, Australia) the blot was blocked, incubated with primary antibody to apoE (goat anti-human polyclonal, 1:5,000 v/v), washed and finally incubated with a rabbit anti-goat IgG secondary antibody conjugated to horseradish peroxidase (1:5,000 v/v; Kockx et al. 2004 ). Proteins were visualized using chemiluminescence, quantified with a BioDocAnalyze system (Biometra, Germany) and expressed as arbitrary units (AU) normalized to cell protein.
Statistical analyses
Results are presented as mean ± SD. All cell assays were performed in triplicate of n=3-4 livers. Statistical comparisons were performed using the Students t test. A value of P<0.05 was considered statistically significant. Fig. 4 Immunofluorescence studies of apoE and tubulin in hepatocytes isolated from young (a,b) and old (c,d) rats. ApoE staining is red, tubulin staining is green, and co-localization is shown with yellow. Co-localization shown by yellow and is more frequent in cells from old livers
Results
ApoE expression
Quantitative RTPCR did not reveal any statistically significant change in apoE mRNA expression in liver tissue in old rats compared with young rats and results were same regardless of housekeeping genes. Western blots from liver tissue also did not show any reduction in the expression of apoE protein in old age (Fig. 1) . Secreted apoE in the media of isolated hepatocytes could not be detected presumably because this fell below the limits of detection of the assay.
Isolated hepatocytes
Old hepatocytes were larger and more likely to be multinucleate upon isolation and culture (Fig. 2) . ATP content of the young hepatocytes was greater than that of the old hepatocytes (196±4 nmol/μg protein young vs 117±34 nmol/μg protein old, P≤0.001).
Mitochondrial function assayed by JC-1 fluorescence was decreased in old age (87±4% functional mitochondrial young vs 71±6% in old, P<0.01).
Immunofluorescence
In hepatocytes from young rats, apoE fluorescence was located in a homogenous pattern throughout the cytoplasm. In hepatocytes from old rats, the apoE was also located throughout the cytoplasm but tended to be clumped. In hepatocytes from young rats, there was some co-localization of apoE with golgi and microtubules, but not with early endosomes. By contrast, in hepatocytes from the old hepatocytes, there was strong co-localization of apoE with these structures (Figs. 3, 4 , 5). The effects of old age on the mRNA expression of LDLR, HSPG, and LRP are shown in Table 2 . There was a significant reduction in the expression of HSPG in old age to about half that seen in young animals. There were no changes with age in either LRLR or LRP.
Discussion
Old age is associated with changes in the hepatic synthesis and expression of many proteins (Swindell 2008; Tollet-Egnell et al. 2001; Ward and Richardson 1991) and a substantial increase in blood cholesterol and triglyceride concentrations in many species including the Fischer F344 rat used in this study (Liepa et al. 1980; Lingelbach and McDonald 2000; Masoro et al. 1983) . However, in this study, we found no significant change in the liver levels of apoE mRNA or protein. This is consistent with our previous immunohistochemical study of aging in human and baboon livers where there was no overall change in the intensity of staining (Hilmer et al. 2004) . Likewise, in the livers of aging rats, TolletEgnell et al. (2001) found no age-related changes using microarray to study mRNA expression and Chou et al. (1996) found no change in apoE concentrations. On the other hand, Gee et al. (2005) found an increase in liver apoE mRNA and protein in old F344 rats. Although there is some inconsistency between the studies, there is consensus that liver apoE is not decreased in old age. Therefore, if there is any age-related decrease in circulating apoE as suggested by Braeckman et al. (1998) , then this is likely to be secondary to altered hepatocyte secretion and/or increased clearance of apoE. Most apoE that enters hepatocytes by receptormediated uptake is re-cycled via the endosomes and secreted back into the extracellular space of Disse. Some apoE is removed by uptake into lysosomes and additional apoE may be synthesized via endoplasmic reticulum and golgi. Transport between these compartments occurs along the microtubules (Fazio et al. 2000) . Hilmer et al. showed altered cellular distribution of apoE in the liver of old humans and baboons. In old age, there was an increase in hepatocyte cytoplasmic staining and a decrease in the perisinusoidal staining, a result consistent with an age-related effect on apoE trafficking and secretion (Hilmer et al. 2004 ). Here, we found there is further evidence for altered intracellular trafficking of apoE. In old rats, apoE was found to be more strongly co-localized with early endosomes and microtubules compared with young rats. As far as we are aware, the effect of old age on the trafficking of apoE has not been reported previously, however, the results are consistent with reports of altered microtubule function and structure in old age (Cash et al. 2003; Rao and Cohen 1990; Taylor et al. 1992) . It is plausible that age-related co-localization of apoE in early endosomes and increased cytoplasmic staining is a consequence of impaired of microtubule function in hepatocytes. Such a mechanism would be expected to contribute to agerelated dyslipidemia by decreasing available apoE for receptor-mediated uptake of lipoproteins (Hilmer et al. 2004; Le Couteur et al. 2002) indicating that this finding may have important clinical implications. However, it should be noted that isolated hepatocytes were used in this study and it is possible that aging influences the response and viability of cells to the isolation process. The functional role of apoE is mediated by its interaction with hepatocellular membrane lipoprotein receptors. In particular, the hepatic uptake of chylomicron remnants is facilitated by interactions between apoE in the lipoprotein and three receptors found in the space of Disse: the LDLR, LRP, and HSPG (Cooper 1997; Yu and Cooper 2001) . The hepatic clearance of lipoproteins, especially chylomicron remnants is impaired in old age (Le Couteur et al. 2002) , which could be secondary to changes in the expression and interactions between apoE and its receptors. There have been some previous reports on the effect of aging on the hepatic LDLR in rodents (Table 3) . The results are not consistent between studies and this presumably reflects differences in methodology, species, and ages. Our results support the contention that expression of LDLR does not change substantially with old age. Therefore, the age-related reduction in the hepatic clearance of remnants is more likely secondary to other mechanisms such as age-related changes in apoE we report here, or the uptake of lipoproteins across the liver endothelium (Hilmer et al. 2005; Le Couteur et al. 2002 , 2008 . The effect of aging on the other receptors has not been widely reported. Field and Gibbons (2000) reported that LRP protein in the hepatocyte membrane fell in old rat livers to 45% of values seen in younger rats, however, we did not detect any changes in LRP mRNA expression. However, in old age, there was a substantial reduction in the expression of HSPG mRNA to about half the level seen in young animals. As far as we are aware, the effect of aging on hepatic HSPG has not been reported previously. Because HSPG facilitates apoE-mediated uptake of lipoproteins (MacArthur et al. 2007 ), this might be mechanistically associated with age-related dyslipidemia.
In conclusion, old age was associated with evidence of altered hepatocyte trafficking of apoE and decreased expression of one of its receptors HSPG. These changes may contribute to some age-related disorders associated with apoE.
